W hile it has become increasingly clear that the Tree of Life hypothesis has limitations in its ability to describe the evolution of all evolving entities on the planet, there has been a marked reluctance to move away from the tree-based language. Ironically, while modifying the idea of the Tree of Life to the extent that it is only very distantly related to its original descriptions, there has been a very careful attempt to retain the language of tree-thinking. The recent movement away from a tree-thinking language toward a goods-thinking language and perspective is a significant improvement. In this commentary, we describe how goods-thinking can provide better descriptions of evolution, can integrate evolution with environment more closely and can offer an equal place for Mobile Genetic Elements and chromosomal elements in discussions of evolutionary history.
Background
In the analysis of the overall evolution of life on the planet the Tree of Life (ToL) hypothesis has dominated for almost two centuries, 1 though networks, ladders and other kinds of structures have been employed both before and since the ToL hypothesis became established. 2 Naturally, because the ToL hypothesis predated the discovery of mobile genetic elements (MGEs) or even the discovery of genes, the initial formulation of the ToL hypothesis specifically dealt with, and was synthesized using the observed phenotypes of cellular life.
The discoveries of conjugation, 3 transduction, 4 transformation, 5 plasmids, 6 bacteriophage, 7 gene transfer agents 8, 9 and nanotubes 10 have presented the ToL hypothesis with its greatest challenges because these processes and associated mobile genetic elements have the potential to disrupt the vertical inheritance pattern that is expected from the ToL hypothesis-they facilitate horizontal gene transfer (HGT). The past decade has seen a significant amount of debate concerning whether or not HGT is important, 11, 12 irrelevant, 13, 14 or inbetween. 15, 16 One particularly interesting fact that has emerged from the sequencing of genomes came from the analysis of 10 million protein-coding genes and gene tags in sequenced eubacterial, archaebacterial and eukaryotic genomes as well as metagenomes. It was observed from this analysis that genes encoding transposases are the most abundant kinds of genes in nature. 17 These genes are responsible for facilitating the horizontal transfer of genetic material and testify to the importance, or at the very least, the success of such processes.
The upshot of our genome-level analyses is that HGT can easily be shown to be almost ubiquitous, frequent in some kinds of genes, less frequent in others, performed between cellular life forms and mobile genetic elements. 18, 19 In fact, it now seems that one of the major restraints on HGT has nothing to do with phylogeny, rather it is the degree of a protein in its protein-protein interaction network. 20 In other words, proteins have a strong tendency to be involved in HGT, with this process being mitigated or moderated simply by the degree to which a protein interacts with other proteins. If it is positioned centrally in the network (as judged by its degree), then it is less likely to be involved in successful HGT. Therefore, the ToL hypothesis has now been well and truly tested and shown to be an inadequate model for all life on the planet. The largest "statistical trend" has been suggested to be approximately 1.5% of the data, 16 though Leigh and coworkers, 21, 22 have shown that even within the set of trees displaying this trend, there is significant incongruence. This, surely, is not what is envisioned by the ToL hypothesis.
One of the most obvious shortcomings of the ToL hypothesis is that it does not deal with all the evolving entities on the planet. Mobile elements have normally been frozen out of discussions of the grand schemes of evolution of life. They simply did not feature in the Tree of Life hypothesis and with notable exceptions (e.g., refs. 19, 23 and 24) they have not been included in Tree of Life diagrams or in discussions of the evolutionary relationships between cellular organisms and MGEs. This might seem to be permissible if MGEs played a very small role in the evolutionary history of life on the planet, but when the data are examined, we can see that MGEs have played an enormous role. Phage, which are important agents of HGT, for instance, are the most abundant life forms on earth, with~10 30 tailed phage particles on the planet and are responsible for 10 25 infections per second. 25 We can see that cells (and in particular, prokaryotic cells) are hugely influenced by MGEs and we also see MGEs themselves are greatly influenced by cells. 18, 26 Therefore, there surely must be a better means of thinking about the evolving entities on the planet than simply focusing on the ToL hypothesis and only considering small portions of the genomes of a fraction of the evolving entities. The evolutionary history of life on the planet is full of vertical and horizontal connections between all kinds of evolving entities. In Figure 1 we demonstrate an ever more frequently seen kind of network diagram 27,28 that is displaying a very common motif in evolutionary biology. This diagram depicts the connections between genes that are found in enteric bacteria and some mobile genetic elements, in this case, plasmids.
Every node in the network is a gene and every edge is a statement that the two connected nodes manifest greater than 95% sequence similarity. The length of the edge is determined by the actual sequence similarity. The interesting thing is that we can see all possible kinds of connections-chromosomal genes connected to chromosomal genes, MGE genes to MGE genes and chromosomal genes connected to MGE genes. This figure is clearly not depicting constantly diverging cellular organisms; it is a network showing the sharing of genes between all kinds of evolving entities.
Moving Away from Tree-Thinking
A useful way to construct hypotheses is to start at uncontroversial starting pointsaxioms that we can all agree on. With a goal to describe life in its most fundamental way, we might consider that the first axiom might be that all evolving entities are included in any hypothesis that dealt with the most fundamental Figure 1 . This is a network where the nodes represent genes and the edges represent links between genes where the sequence similarity is greater than 95% at the nucleotide level. The blue nodes are genes that are found on plasmids, while the brown nodes are genes that are found in cellular chromosomes. The blue edges link MGE genes with other MGE genes, the green edges link chromosomal genes with chromosomal genes and the red genes link MGE genes with chromosomal genes. description of evolution. Next if we refer to the hundreds of thousands of experiments and observations that have concerned the inheritance of genetic information, we have made the observation that genes can be acquired by both vertical and horizontal transmission. So, this is the second axiom-the theory must encompass horizontal and vertical acquisition of genetic material.
Starting with these two axioms, we can easily see that ToL models have handicaps that are difficult to overcome. Many ToL models do not even accommodate these two most basic of axioms. In its place, we have proposed that that the best way to describe evolution is to consider evolving entities such as nucleotides or genes or operons or even genomes as genetic goods in the same sense as goods are often viewed in the discipline of economics. 29 We have called this the "public goods" hypothesis, for reasons we shall elaborate on later. 30 This is a very broad and fundamental view of evolutionary history. It encompasses all the patterns and processes we see in nature and at no time does it try to ignore patterns or evolving entities. The public goods hypothesis gets away from the vocabulary of tree-thinking and its associated history and does not require ad hoc amendments or qualifications in order to incorporate the observed data. Current incarnations of the ToL require footnotes relating to horizontal gene transfer, hand-waving in relation to mobile genetic elements and dismissal or avoidance of fusions of cellular and/or genetic elements.
In the field of economics, goods may be exchanged, moved, modified and amalgamated into larger goods, transported or even destroyed. Furthermore, goods can be classified according to the properties of excludability or rivalry (also known as subtractability). An excludable good is one where it is relatively easy to prevent others from accessing that good and a rivalrous good is one whose use by one individual effectively prevents its use by another. Naturally, the objects in evolutionary biology have their own properties and how we view them is likely to differ from how economists view goods, nonetheless, goods-thinking provides a useful perspective on evolutionary biology.
For the most part, it is difficult to see that genetic goods might be excludable. The nucleotides that are used by all evolving entities are the same and the genetic code always consists of triplets of codons, genes have promoters, start codons and stop codons and recombination (breaking and joining of nucleic acids) is cosmopolitan. The machinery of DNA replication and of translation of proteincoding genes is pretty universal-the exceptions for translation are the alternative genetic codes. However, for the most part, genetic material is not excludable and this is irrespective of whether the genetic material is found in a cell, on a plasmid or in a virus. Figure 1 shows a network of gene sharing. There are three kinds of evolving entities on this network, represented by the nodes and the edges represent identifiably homologous regions that are shared. As can be seen, we have sharing between cellular life forms, between mobile genetic elements and between cellular and mobile elements. We know of no formulation of the ToL hypothesis that encompasses this kind of situation, however a goods-thinking approach is more than adequate to encompass the observed data and in this particular case, the genetic goods do not appear to be excludable.
It remains to be seen whether effective excludability is possible for some genetic goods and this line of thinking automatically suggests a program of research.
We then ask whether genes might be rivalrous or subtractable. This property refers to whether a good is available to be used by one individual simultaneous with its use by another individual. How we view rivalry might depend on whether we wish to view a gene as all copies of its orthologs or whether we wish to focus on a single copy of the gene itself. If we view a gene as all copies of the gene, then that gene is non-rivalrous, whereas the latter might indicate that it is rivalrous. Clearly, because the mechanism of replicating genes is found in all cellular life forms, then any kind of gene can be potentially replicated and therefore, it is difficult to make any kind of gene rivalrous.
As a consequence of the difficulty in making genes excludable or rivalrous, we view genes to be public goods for the most part. They are free to be inherited vertically from parent to offspring and they are free to be acquired horizontally. This does not mean that there are no constraints on gene movement, but this does not affect the definition of genes as public goods.
Just because we might view genes as public goods in a fundamental way does not mean that evolving entities have not privatised them in some ways. We have mentioned the alternative genetic codes, but we might also consider toxin-antitoxin genes 31 as being somewhat dependent on one another and therefore, they can effectively exclude other genes or genomes from having one without the other. Likewise, with plasmid incompatibility systems, 32 we find that plasmids are rivalrous for the cells in which they replicate, meaning that a particular cell might become a club for only one kind of plasmid with a particular incompatibility system. It is outside the scope of this manuscript to detail other situations where genetic goods might be privatized or brought into clubs or coalitions, but it is likely that such situations exist.
In a brief aside, we might consider the public availability of genes and proteins to be something that is a general feature of both genetic and proteic material. It would be wrong to consider proteins that are largely contained within a bacterial cell to be private goods for that bacterium. A suite of proteins capable of breaking down phenylacetate, 33 for instance, might all be contained within the cell that produced the proteins, however, removal of phenylacetate from the environment might benefit other organisms directly. Therefore, we might consider that even though these phenylacetate-degrading proteins appear to be private goods, the consequence of their existence is a public good and because the genes can be acquired by other organisms through appropriate vectors or transformation, the genes can also be considered public goods.
How does this Affect Mobile
Genetic Elements?
In 2004, the discovery of a 1.2 megabase virus 24 led to speculation on whether this might represent a fourth 'domain' of life (sensu Woese). A technical comment in response to this publication showed a phylogeny with one mimivirus gene occupying a phylogenetic position within the eukaryotes and not as a separate group outside the three domains. 34 The response to this comment was that "[…] the tradition is to deny viruses the status of bona fide living organisms and to a priori doubt the capacity of phylogenetic analyses to investigate their deepest origin." 35 However, since then it has been shown that mimivirus genes occupy many different phylogenetic positions and the positioning of mimivirus as a fourth domain of life is probably not sensible. 36 This exchange encapsulates the two sides of the argument-on one side it is held that cellular organisms are real life, whereas viruses are not and on the other side, viruses have all the traits necessary to be included in any discussions about life on the planet. Standard definitions of viruses usually cite their size or an inability to replicate autonomously as being the feature that separates them from cellular organisms. But with giant viruses like mimivirus, megavirus 37 and mamavirus 38 that are larger than many bacteria and with many intracellular bacteria being unable to replicate or live autonomously, then the distinctions are no longer so clear, yet the ToL treats them as entirely separate. Both kinds of evolving entity (cellular and viral) can contain genes for transcription, translation, replication, metabolisms of all kinds and so forth. An analysis of Escherichia coli, has identified almost 16,000 different gene families that are to be found in the various genomes of this species, 39 with only approximately 6% of these gene families being found in all sequenced genomes of E. coli. However, just like Mimivirus, many of these genes have phylogenetic affinities that are incompatible with one another and many of the genes have only been found in one strain of E. coli. In many respects, mimivirus and E. coli have similar features. The only way in which they differ is that E. coli catalyzes its own replication.
Therefore, it seems unusual from this perspective to completely exclude viruses from hypotheses governing life on the planet. Goods-thinking makes no distinction between viruses and cellular organisms. In both cases, we view genes as goods that can be acquired vertically or horizontally and this includes all kinds of mobile genetic elements.
The Integration of Ecology with Evolution
The public goods hypothesis has the particular feature that ecology is allowed to play a much greater role in evolution than is generally acknowledged under a tree model. Under a tree model, we might expect an evolving entity to adapt to a particular environment in a gradual piecemeal fashion and even it might be expected that different parts of the phylogenetic tree would be adapted to different environments. What we see instead are high levels of diversity of organisms with mosaic genomes. In the public goods view of evolution, the environment would play a very big role and effectively a suite of genes that are adapted to a particular environment would operate in that environment, irrespective of the phylogenetic assignment of the cell that was replicating, transcribing and translating those genes. In other words, the environment, combined with population processes would select the collection of goods that existed in that environment, irrespective of which organisms were replication, transcribing and translating those goods and irrespective of whether the goods were on the chromosomes of cellular organisms, on plasmids or on viruses. While the ToL hypothesis did not imply any particularly strong role for the environment, apart from the selection of fitter genetic variants, the public goods hypothesis implies that the environment is intimately involved in the rapid evolution of mosaic genotypes in order to procure the phenotypes that are best adapted.
Relativism is Unhelpful
In ascribing a more important role to MGEs, we would be at pains to point out that the evolutionary history of life on the planet has seen contributions from both vertical and horizontal gene transfer. Often it has been said that if we count the actual number of vertical vs. horizontal transfers of genes and we include the numbers of genes involved (usually thousands of genes are inherited via cell division at every cell division and only a small number are acquired via horizontal acquisition and only infrequently), then vertical transmission of genes has occurred much more often than horizontal transfer. However, this line of thinking can be very unhelpful if we wish to discover long-term consequences of genome change. Counting numbers of genes and prioritizing vertical gene transfer has led to an unwillingness to see how it is often the horizontal transfer of genes that has led to rapid response to environmental change in a lineage. A very important example has been the spread of plasmid-borne antibiotic resistance 40 in the past 50 y as a consequence of large-scale production of antibiotics. In the absence of MGEs, many lineages of pathogens would surely nowadays be almost extinct. However, acquisition of these goods has led to the proliferation of the organisms with these goods.
Conclusion
Darwin's paradigm has broadened and now includes descent with modification due to error-prone polymerases, genomic modification by horizontal gene transfer, natural selection on new variants and in the case of some cellular entities, such as animals, speciation as envisioned by people like Ernst Mayr. 41 A cup of coffee might be considered a private good.
Club goods: goods that are excludable, but not rivalrous.
Common goods: goods that are not excludable, but are rivalrous.
Public goods: goods that are neither excludable nor rivalrous.
Gene-sharing network: A network diagram where every node is either a gene or a genome and every edge is a statement of homology linking the nodes.
